While traditional forestry has focused on (merchantable) wood volume, today more and more information is required on the whole biomass stock, carbon sequestration or nutrient cycling. Forest growth simulators that were developed primarily from a wood volume-oriented perspective need to be expanded to cover the carbon stocks and turnover in the tree compartments. The simulator SILVA which has become a standard tool in forest science and practice in Germany has been extended with a biomass module that calculates biomass allocation into tree compartments for each simulation period. To analyse and evaluate the biomass development of even-aged pure stands of spruce, beech, pine and oak, scenarios were created for each species that differ with respect to site quality, initial tree numbers and thinning intensity. According to the simulation results, net volume and biomass growth ranges from 0.7-13.8 m 3 ha -1 year -1 and 0.1-6.1 t ha -1 year -1 corresponding to 0.1-3.1 t ha -1 year -1 carbon in the living biomass. Gross volume growth and net primary productivity are between 5.7-21.7 m 3 ha -1 year -1 and 4.5-19.9 t ha -1 year -1 . of species composition, site conditions and forest management. In the last decades of the 20th century, empirical tree growth models have increasingly substituted the former yield tables, and enable the user to create and evaluate complex forest management scenarios. Examples of such empirical and therefore regional valid models are BWIN-PRO (Nagel et al., 2002) or SILVA for Germany, MOTTI (Hynnen et al., 2005) for Finland, PROGNAUS (Sterba and Monserud, 1997) for Austria or FVS for the USA (Dixon, 2002) . Today, the new sustainability criteria demand to extend towards the pure wood volume and a more differentiated output that includes biomass compartimentation, nutrient balance, biodiversity proxies, forest aesthetics, etc.
Introduction
The responsibilities of modern forest practice and science in Central Europe have changed strongly within the last decades. The awareness of anthropogenic causes for the forest decline in the 1980s and for the rapid climate change has led to a new definition of sustainability in forestry which goes far beyond the traditional focus on wood volume that guided forestry in Central Europe so far (MCPFE, 1993; MCPFE, 2003a MCPFE, , 2003b Hasenauer, 2004; Baumgarten and von Teuffel, 2005) . One of the 'hot' topics of the sustainability criteria is the forest carbon budget. On global scale, the forest carbon mitigation potential is estimated to reach 0.35-1.15 Gt C year -1 in 2030 (IPCC, 2007) , which can contribute to buffer the still increasing anthropogenic CO 2 emission (9.5-13.5 Gt C year -1 in 2030; IPCC, 2007) .
For Germany, the second national forest inventory in 2003 (BMVEL, 2005) revealed an average volume density of 320 m 3 ha -1 (~120 t C/ha; calculation according to Baritz and Strich, 2000) , and an increase in standing volume of ~20 per cent compared with the first national inventory in 1990 (only comparing values of former West Germany). Of course, the potential carbon density is limited and will certainly alter under changing climate conditions. Until the end of the 21st century, mean annual temperature in Germany will rise by 1.4-2.1°C combined with changes in precipitation of −10 to +10 per cent (SRES B1 according to Spekat et al., 2007) . Along with the climate, other environmental conditions such as soil properties or immission concentrations will also change. The influence of these single and combined effects, as well as feedback reactions on the growth of trees and forest stands is not yet understood in detail, although there are a lot of studies dealing with these topics (e.g. Bergh et al., 2003; Rötzer et al., 2005; Garcia-Gonzalo et al., 2007) . Forest growth models integrate a wide range of system knowledge and can calculate scenarios under different management regimes (Pretzsch et al., 2008) . Reviews of these models, their use and possible fields of application can be found in Battaglia and Sands (1998) , Bugmann (2001) , Le Roux et al. (2001) , Porte and Bartelink (2002) , Monserud (2003) or Pretzsch et al. (2008) .
Most directly, however, the carbon sequestration potential of forests is dependent on forest management in terms of species choice and stand density regulation as well as on disturbances. As such factors cannot be tested in realtime scenarios, forest growth models are needed that predict stand development and differentiation in dependence Productivity and carbon dynamics in managed Central European forests depending on site conditions and thinning regimes of species composition, site conditions and forest management. In the last decades of the 20th century, empirical tree growth models have increasingly substituted the former yield tables, and enable the user to create and evaluate complex forest management scenarios. Examples of such empirical and therefore regional valid models are BWIN-PRO (Nagel et al., 2002) or SILVA for Germany, MOTTI (Hynnen et al., 2005) for Finland, PROGNAUS (Sterba and Monserud, 1997) for Austria or FVS for the USA (Dixon, 2002) . Today, the new sustainability criteria demand to extend towards the pure wood volume and a more differentiated output that includes biomass compartimentation, nutrient balance, biodiversity proxies, forest aesthetics, etc.
Among the forest growth models, the simulator SILVA integrates additionally to management options many ecological and economic aspects of forest growth . The model was statistically parameterized from long-term experimental plots in Germany (Kahn, 1994) . Over the last years, it has been expanded with a biomass tool that calculates the biomass allocation into the individual tree compartments as (allometric) functions of stem and crown measures. This allows a very detailed determination of a tree's carbon pool and an estimation of the nutrient pool when assuming average nutrient concentrations in the different compartments. The calculation of biomass based on functions of stem and crown measures (e.g. realized in the models MOTTI, FVS or SILVA) is an alternative for combining empirical growth models with physiological growth model as it was done e.g. by Milner et al. (2003) or Moshammer et al. (2009) . Including soil carbon models as e.g. YASSO or CENTURY (Parton et al., 1992 ) also the carbon dynamics of soils can be regarded by simulating the carbon dynamics of forests.
However, before any growth model is used for simulations, the sensitivity of the model output to the diverse input parameters should be tested and simulation results should be evaluated (Vanclay and Skovsgaard, 1997) .
Therefore, a case study was designed that evaluates the performance of SILVA's biomass module in form of a sensitivity analysis. For the evaluation, different scenarios were generated for even-aged pure forest stands of the four most common Central European tree species Norway spruce, European beech, Scots pine and Pedunculate oak. The scenarios include different site conditions, initial stand densities and thinning intensities. Altogether 48 forest scenarios were simulated. The aim of this study was to calculate the four most important productivity measures in forestry and ecology (Pretzsch, 2009) , i.e. net volume growth, gross volume growth, net biomass growth and net primary productivity NPP, and to compare them for different tree species under different site conditions and management options. Adding estimations of the turnover biomass of living and dead or harvested trees makes it possible to quantify the role of the forests with respect to their carbon flows.
Three specific objectives were addressed within this study:
1 to estimate the range of productivity measures, net volume growth, gross volume growth, net biomass growth and net primary productivity, for a set of characteristic forest stands, and to estimate the sensitivity of the productivity measures to site condition, initial stand density and thinning intensity, 2 to estimate the carbon dynamics in terms of changes in the tree carbon pool, the turnover to the soil and the extraction through harvest for a set of characteristic forest stands, and to estimate the sensitivity of the carbon flows to site, initial stand density and thinning intensity and 3 to contribute to bridge the gap between forestry and ecology productivity measures with respect to the conversion of (1) merchantable wood volume to total, i.e. above-and below-ground biomass, and (2) gross volume growth to net primary productivity.
The study was designed not only to evaluate the performance of a simulation system but also to provide a practically useful overview over the most important productivity measures and their magnitudes based on representative forestry scenarios for Central Europe. A discussion on the methodological limitations and comparison to other model approaches aligns the study in the frame of biomass and carbon research.
Methods

Sample stands and simulation scenarios
To test the sensitivity of the productivity as calculated by SILVA's biomass module for a set of typical forest scenarios, we generated 16 different initial stands. These stands represent even-aged pure stands of the tree species Norway spruce (Picea abies [L.] Karst), European beech (Fagus silvatica L.), Scots pine (Pinus sylvestris L.) and Pedunculate oak (Quercus robur L.). For each of the four tree species, two stands with high and low initial densities were formed on sites with good and medium growth conditions (Table 1) .
To keep as close to reality and practice as possible, the simulated initial stands were generated from data of regional forest enterprises and complemented with data of the national forest inventory (BMVEL, 2005) . Each species' stand and site conditions were chosen from characteristic and typical growth regions of the regarded species: Bavaria for spruce, Saxony-Anhalt for pine, North RhineWestphalia for beech and Rhineland Palatinate for oak. Unfavourable site conditions were not included as they are not representative for the chosen regions' growth conditions as well as for the geographical extension of the focussed species.
Additionally to the initial differences in species, density and site conditions, the influence of thinning intensity was analysed. For each of the 16 initial stands, three thinning intensities were defined. For reasons of comparability, all stands were thinned from above according to basal area reference curves. Setting the maximum possible (unthinned) basal area to 100 per cent, the target basal areas after a 40-year simulation period were defined for an 85 per cent level (low intensity), a 70 per cent level (medium For easy identification, each of the 48 resulting scenario was given a unique code that includes (1) species: Spruce, Pine, Beech, Oak, (2) site conditions: gd = good, md = medium, (3) initial density: low, high and (4) thinning intensity: 85, 70 and 55 per cent of the maximum basal area reference curve (Table 1 ). The initial stand parameters are summarized in Table 2 .
SILVA biomass module
The forest growth simulator SILVA is a distance-dependent and environmentally sensitive individual tree model . It was primarily developed to support operational forest management planning (Pretzsch, 2002; Moshammer, 2006) . The implemented algorithms were parameterized from long-term experimental plots in Germany (Kahn, 1994; . The SILVA software package has been developed since 1989 and the current version allows simulations of even-aged and uneven-aged mixed and pure stands with Norway spruce, silver fir, European beech, Pedunculate oak, Scots pine, Douglas fir, European larch, ash and alder. The smallest simulation time step with SILVA is a period of 5 years. This time interval corresponds with the time intervals provided by yield tables. It is also the standard time interval between two measurements on trial plots used for model evaluation. Based on the individual-tree approach, a module allows the user to create rules for a virtual thinning which likewise take place every 5 years. For our study, the mortality module was activated so that trees die both naturally and through thinning (Dursky, 1997) .
The recently implemented biomass module uses SILVA's individual-tree output to assess stem biomass, bark biomass, branch biomass, leaf or needle biomass and the coarse root biomass for each tree separately (Supplementary data Table A-1).
Unlike the stem volume in SILVA which is defined as merchantable volume with stump and bark and calculated as V = ¼ × π × d.b.h. 2 × h × fz 1.3 , using the diameter at breast height d.b.h., the tree height h and the species-and dimension-specific form factor fz 1.3 (Franz et al., 1973) , stem biomass is defined as total stem biomass without stump and bark. The biomass of the merchantable stem is calculated from truncated cone volumes (1-m sections) with cone functions according to Kublin (2003) multiplied by a ring-width-dependent volume density. The biomass of the crown brushwood is estimated allometrically. Except for the stem, bark and fine root biomass (Supplementary data Table A-1), the biomass estimates of (dead) branches, leaves or needles and coarse roots are based on allometric relationships:
where ln(y) is the logarithm of the target biomass compartment, x 1 , x 2 , . . ., x n are explaining variables (typically stem and crown dimensions, Supplementary data Table A-1) and a 0 , a 1 , . . . , a n are fixed parametrization constants (Pretzsch, 2005) . Fine root biomass estimate was based on literature data.
Leaf and fine root biomass and turnover
Although literature provides a certain frame for the fine root biomass and fine root turnover, the allometric and functional relation to the above-ground tree organs, especially needle, respectively, leaf biomass and needle, respectively, leaf turnover, is ambiguous. The main problem arises from a restricting discrepancy between 'evergreen' conifers and deciduous broadleaves that shall be discussed on the basis of Figure 1 . With average needle lifetimes of 2.5-10 years (e.g. De Wit et al., 2006; Wutzler and Mund, 2007; Pretzsch, 2009) , the 'leaf turnover rate' of evergreen needle leaves lies 2.5-10 times lower than of summergreen broadleaves which shed their leaves each year. To keep the relations in Figure 1 balanced, needle leaves must also possess (in comparison to broad leaves) (1) a higher 'leaf-fine root litter factor', (2) a lower 'fine root turnover rate', (3) a lower 'leaf-fine root biomass factor' or a combination of (1) to (3).
Based on literature data from (1) Nadelhoffer et al. (1985) , (2) van Praag et al. (1988) , (3) Nadelhoffer and Raich (1992) , (4) Burke and Raynal (1994) , (5) Vogt et al. (1996) , (6) Bartelink (1997) , (7) Lehtonen (2005), (8) Wutzler and Mund (2007) , (9) Finer et al. (2007) and (10) Pretzsch (2009), we summarize the following findings for mature temperate needle-and broadleaf forests:
1 Both leaf litter and fine root litter of mature needle-and broadleaf forests range from 1.5 to 6 t ha -1 year -1 with leaf-fine root litter factors near 1 (0.5-2) (1, 2, 3, 4, 8, 10) . Indications for a difference between needle-and broadleaves are ambiguous. 2 Fine root biomass amounts typically to 2.5-6 t ha -1
(1, 2, 3, 4, 5, 9). Since fine root litter has the same magnitude, fine root turnover rates lie close to 1 (0.5 -2). Again, no clear difference can be found between needle-and broadleaves. 3 Since neither the leaf-fine root factor (1) nor the fine root turnover rate (2) can explain the discrepancy between needle-and broadleaves that is induced by the different leaf turnover rates, the reason must lie in the leaf-fine root biomass factor which holds true: with a leaf biomass of 3-20 t ha -1 in spruce (7, 10), 2-8 t ha -1 in pine (7, 10) and ~3 t ha -1 in beech (6, 10), the leaf -fine root biomass factor becomes ~0.2 in spruce, ~0.4 in pine and ~1 in beech.
In SILVA's biomass module, we followed (3) for our fine root biomass estimation, i.e. the leaf-fine root biomass factors for spruce and pine are lower than for beech and oak. By setting the fine root turnover and the leaf-fine root factor to 1, the leaf-fine root biomass factor becomes equal to the leaf turnover rate and the fine root biomass equal to the leaf litter. This estimation of fine root biomass and turnover combines simplicity (and thereby transparency) and delivers stable results within the frame given by the regarded literature.
Productivity measures
The two most important productivity measures in forestry are net volume growth dV net (m 3 ha -1 year -1 ) and gross volume growth dV gross (m 3 ha -1 year -1 ). The corresponding productivity measures in ecology are net biomass growth dB net (t ha -1 year -1 ) and net primary productivity NPP (t ha -1 year -1 ): Figure 1 . Relation between leaf and fine root biomass and turnover.
with V = merchantable wood volume in m 3 ha -1 , B = above-+ below-ground biomass, T = above-+ below-ground turnover (mainly leaves and fine roots), t = observation time (here 40 years) and subscripts ini = initial, fin = final, rem = removed and i = period (here 1, . . . , 9). A good survey of productivity measures and the conversion factors for net and gross volume productivity, respectively, net biomass productivity and NPP can be found in Pretzsch (2009) .
The biomass module enables to use SILVA not only for matter flux estimations, above all for the carbon cycle, but also for the cycling of nutrients. Since carbon makes up a relative constant 50 per cent of the dry biomass, the carbon pools can be obtained by multiplying the biomass of the respective compartments by 0.5. For the estimation of gross volume growth, NPP and the carbon fluxes, it is further necessary not only to estimate the carbon pools of the tree or forest but also to include the continuous turnover of the living trees and the turnover of the harvested and naturally dead trees. While the first aspect can be modelled independently of the forest management, the second aspect requires a definition of the handling of the harvested and naturally dead trees. Within this study, we assumed that only the stem and merchantable branches were extracted (both of harvested and naturally dead trees), while the rest falls to the soil. Supplementary data Table A-2 summarizes the mentioned aspects in terms of biomass flows, which can be converted to carbon flows by multiplying with 0.5.
Sensitivity of productivity and carbon flows
The sensitivity of productivity measures and carbon flows to the factors site condition, initial stem density and thinning intensity was quantified by means of a three-factorial analysis of variance using the R statistics 'lm' function (R Development Core Team 2008). Site and density were programmed as dummy variables (good site = 1, medium site = 0; high density = 1, low density = 0), and thinning intensity numerically by the ratio of target basal area/unthinned (maximum) basal area (weak thinning = 0.85, moderate thinning = 0.70 and strong thinning = 0.55). The significance of the factors according to the F-test is divided into four levels: *** for p(F) < 0.001, ** for p(F) < 0.01, * for p(F) < 0.05 and + for p(F) < 0.1 (Dalgaard, 2002) .
Results
The results of the study are divided into three sections corresponding to the initial objectives. 'Stand productivity and sensitivity to site condition, initial density and thinning intensity' describes the stand development in terms of the four specified productivity measures and analyses the dependency of the productivity measures on site conditions, initial stem density and thinning intensity. 'Carbon dynamics' determines the amount of carbon sequestered by the living tree vegetation and traces the carbon loss due to turnover to the soil and extraction through harvest. 'Volume-biomass conversion factors' take a closer look at the conversion factors between volume and biomass measures to bridge the gap between forestry and ecology. Before addressing the main questions in detail, the simulation outcome is summarized in terms of classical forestry measures. The development of the standing volume is visualized in Figure 2 , and the values are given in Table 3 .
Norway spruce exhibits the most vivid growth which is partly due to the young age span for the simulation (25-65 years). Top height increases from 13 to 30 m on the good and from 12 to 24 m on the medium sites, respectively. The basal area starts with 20-30 m 2 ha -1 and reaches 40-50 m 2 ha -1 depending on the thinning intensity. Similarly, volume increases from 100 to 400-700 m 3 ha -1 on the good sites and from 160 to 280-420 m 3 ha -1 on the medium sites. The thinning intensity accounts for 15 per cent difference in the final volume. The growth potential of Scots pine is obviously much lower than of spruce which is partly also due to the higher initial age of 55 years. Top height increases from 20 to 27 m on the good site and from 17 to 24 m on the medium site. The differences in the initial basal area (20-32 m 2 ha -1 ) and volume (130-280 m 3 ha -1 ) due to site conditions and tree numbers are levelled out during the stand development due to the thinning actions. In the dense stands (high initial tree number), the strongest thinning exceeds the basal growth leading to a net loss in basal area. The final basal area at age 95 ranges between 23.5 and 38.5 Figure 2 . Standing merchantable wood volume (V) development according to simulation. For each species, the scenarios are distinguished according to initial site conditions (grey/black for good/medium site conditions) and stand density (solid/dotted line for high/low initial density). During stand development, the four initial scenarios spread into three branches each according to the three levels of thinning intensity, resulting in a total of 12 scenarios per species. m 2 ha -1 , and only depend on thinning intensity; the final volume spread from 250 to 480 m 3 ha -1 depends mostly on thinning and to a small degree on the site conditions. Both beech and oak are simulated for the age period from 50 to 90 years. Although oak has clearly not the volume growth potential of beech, their behaviour in height, basal area and volume development is similar in its reaction on site fertility, initial tree number and thinning. Beech top height increases from 19 to 30 m and 16 to 25 m on the good and medium site, respectively, and oak from 17 to 25 m and 13 to 21 m on good and medium site, respectively. Both basal area and volume development depend mainly on the thinning intensity and to a smaller extent on the site conditions while differences due to the initial tree number are evened out. Starting from basal areas of 18-28 m 2 ha -1 , and volumes of 100-220 m 3 ha -1 , beech reaches basal areas of 20-34 m 2 ha -1 and volume of 260-490 m 3 ha -1 at age 90. Oak basal area increases from 14-21 to 17-26 m 2 ha -1 , and volume from 80-150 to 170-320 m 3 ha -1 .
Stand productivity and sensitivity to site condition, initial density and thinning intensity
The simulation results were condensed into the four described productivity measures net volume growth, gross volume growth, net biomass growth and net primary productivity.
The outcome is displayed in Figure 3 , the corresponding values are listed in the Supplementary data Table A-3.
Net volume and net biomass productivity (values in m 3 ha -1 year -1 )
The net volume productivity is represented by the dark grey bar in the upper Figure 3 . It is highest for spruce (4.5 -13.8), then beech (2.7-7.6), pine (0.7-6.3) and oak (1.9-5.0). The net biomass productivity is given by the dark grey bars in the lower Figure 3 . Due to the higher wood density and a higher allocation to branch biomass in the case of the hard woods, the net biomass productivity is equally high in spruce (1.5-6.1) and beech (1.8-5.7), followed by oak (1.4-4.2) and pine (0.1-3.2). Not surprisingly, thinning intensity has in general the strongest effect on the net volume and net biomass growth as the mean values and significances show. Site conditions have also a clear effect in spruce, and to a less degree also in pine and beech. In pine and beech, also the initial stand density strongly influences net growth since stands with higher initial density were thinned stronger. One extreme thinning scenario in pine led to almost 0 m 3 and 0 t ha -1 year -1 net growth. Figure 3 . Mean annual volume growth of the remaining stand dV_net and removed stand dV_rem (top), and biomass production of above-and below-ground tree compartments divided into standing biomass dB_net, removed biomass dB_rem and turnover to soil (below). Figure 3 . The relation between gross volume growth and NPP is not similar to the relation between net volume growth and net biomass growth, as it includes not only the biomass of the removed trees but also the continuous branch, leaf and root turnover of the living trees. Due to the high turnover, spruce reaches NPP values of 12.2-18.8, whereas the NPP of beech, oak and pine ranges between 10.3 and 17.2, respectively, 5.7-11.0 and 4.3-7.9. The thinning intensities have less effect on gross volume production and NPP, since thinning actions do not reduce the stems all at once but gradually. Hence, also the intermediate yield of the removed trees adds to the overall productivity until they are removed. Also, the remaining trees may grow stronger due to the reduction in competition. As a result, the site condition is the most important factor for the gross productivity in spruce, beech and oak and thinning intensity only the second most important factor. Only in pine, the initial density has the highest impact on gross volume growth followed by thinning.
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Carbon dynamics
The range and dependency of the carbon sequestration in the living tree vegetation are directly related to the net biomass productivity. It is strongest in spruce with 0.7-3.1 and beech with 0.9-2.8, then oak with 0.7-2.1 and then pine with 0.1-1.6 (values in t C ha -1 year -1 , Supplementary data Table A-1). Interesting in terms of the carbon cycling is also the amount of carbon lost to the soil where it can be processed by microorganisms, and the extraction through harvest which is based on the society's wood demand. Accordingly, in Supplementary data Table A -1, the carbon flows are divided into increase in living C (above-and below ground), turnover C (above-and below ground) and extracted C (above ground). The values correspond to the division of the NPP in the lower Figure 3 (multiplied by 0.5 for carbon). In Figure 4 , they have been visualized as fractions between 0 and 100 per cent of the net 'carbon' productivity. The fraction of the carbon increase in living trees obviously varies strongly between the species and scenarios. It is generally lowest in spruce (10-35 per cent) where most C is lost in the turnover. This can be explained by the fact that due to the young age, the fraction of the harvest that remains in the forest is high and adds to the continuous turnover of leaves and fine roots. Pine and beech are quite similar in the relations of the C flows; oak stakes out through the low fraction of turnover which is a consequence of low leaf biomasses and hence low turnover for leaves and fine roots. The sensitivity of the fractioning was quantified only for the living carbon increase (Table 4) . It depends strongly on the factor thinning, which is overruled by the initial density in the case of pine and by the site conditions in the case of oak.
Volume-biomass conversion factors
To bridge the gap between forest and ecology productivity measures, we calculated the conversion factor between (1) total biomass and merchantable wood volume (B/V ratio) and (2) net primary productivity and gross volume growth (NPP/dV gross ).
B/V ratio
The conversion factor between volume and biomass depends-besides the specific wood weight-strongly on age and site conditions. In Figure 5 Figure 4 . Average carbon allocation: relative distribution of the carbon gain stored in living biomass, the extracted carbon in terms of tree harvests and the carbon input into the soil. exemplarily for spruce (Sp_gd_lo_85) how the biomass fraction of the stem increases with age. While the roots fraction remains almost constant at ~20 per cent, the stem fraction rises from 36 to 63 per cent on the cost mainly of the bark, branch and leaf fraction. Correspondingly, Figure 5 (middle) shows how the B/V ratio decreases with age: from 1.2 to 0.75 in the case of medium site conditions and from 0.95 to 0.55 in the case of good site conditions.
The difference between the sites can be explained by the fact that biomass fractions of the non-stem compartments are calculated as functions of tree dimensions. As the tree dimensions at a given age differ on good and medium sites, also the age-dependent B/V ratio differs between the sites. It was therefore analysed whether biometric forest measures might serve as better proxies. Among the evaluated measures, merchantable wood volume, quadratic mean diameter and mean height, mean height performed best and results in a single curve for a species. These mid height-V/B ratio curves have been plotted in Figure 5 (below) for all species: For pine between 17 and 26 m height, the factor declines linearly from 0.59 to 0.52, for spruce between 10 and 28 m height exponentially from 1.23 to 0.58, for beech between 15 and 27 m height linearly from 0.92 to 0.78, and for oak between 12 and 24 m height a constant factor of 0.8 is a good proxy. All curves show the decreasing V/B ratio due to the increasing stem fraction; in beech and oak, the higher wood density leads to higher V/B ratios then in spruce and pine.
NPP/dV gross ratio
As Table 5 shows, the gross volume growth is a good predictor for net primary production. In general, the ratio lies between 0.65 and 1.2. Beech as a hardwood species with high wood density exhibits the highest conversion factors (1.08-1.22). Mainly due to lower turnover rates (Figure 3) , oak reaches only factors of 0.8-0.9. Despite its low wood density, spruce has relatively high conversion factors. This can be explained by the high turnover rates of leaf and fine roots. The fact that the absolute turnover values are almost independent of site conditions while the biomass increase is dependent explains the strong difference of the factor between the site conditions. In Scots pine, the factor is small with values ~0.75-0.8, which is mainly an effect of the low-specific wood density. In all species, the ratio declines by 5-10 per cent with increased thinning intensity. This indicates that the loss of trees affects leaf and fine root turnover stronger than biomass growth. The higher SC  ID  TI  SC  ID  TI  SC  ID  TI  SC  ID  TI  SC  ID  TI Spruce *** *** *** ** *** *** * *** *** *** ** ** *** Pine * *** *** *** *** ** *** *** * *** *** *** *** Beech + *** *** *** *** *** *** *** *** *** *** *** *** *** Oak *** *** ** *** *** *** ** *** *** *** Significance levels according to three-factorial analysis of variance (*** for p(F) < 0.001, ** for p(F) < 0.01, * for p(F) < 0.05, + for p(F) < 0.1); abbreviations: SC, site conditions; ID, initial density; TI, thinning intensity). Figure 5 . Development of the biomass fractions over time for Norway spruce on good site conditions (Sp_gd_lo_85) (above), age relation of the V/B ratio depending on good and medium site conditions (middle) and V/B ratio in relation to the mean height (hg) for the four tree species (below).
standard error in spruce is an effect of the declining V/B factor within the scenario (age dependent, Figure 5 ).
Discussion
Using the forest growth simulator SILVA with its newly implemented biomass module, we analysed and evaluated volume, biomass and carbon dynamics of even-aged pure stands of spruce, beech, pine and oak for 40 years. Basis of the presented sensitivity study were different growth scenarios for each species that were generated from actual data from typical growth regions of the regarded species in Germany. Volume and biomass productivity were quantified in terms of net volume growth, gross volume growth, net biomass growth and net primary production NPP. As for the carbon which accounts for 50 per cent of the (dry) plant weight, the C sequestration in the living vegetation corresponds to 0.5 × net biomass productivity and the C flows, i.e. input into soil and extraction through harvest, can be derived similarly from the NPP. A comparison of the simulated volume growth and yield with classical yield tables confirms the plausibility of the simulation results (Table 6 ). For the spruce simulations under good site conditions, the gross volume growth of 17-22 m 3 ha -1 year -1 corresponds to the highest yield class OH36-OH40 in the Assmann and Franz tables (1965) , while the medium site conditions with 10-13 m 3 ha -1 year -1 growth is consistent with yield class OH28-OH32. Compared with Wiedemann (1943) , growth of spruce exceeds yield class I on good site conditions and ranges in the yield classes II-II,5 on medium site conditions. Gross volume growth of pine did almost not react to differences ha -1 year -1 on the good and of 7-10 m 3 ha -1 year -1 on the medium sites. Thus, yield class I is exceeded entirely on the good sites but partly also on medium sites. In summary, the site conditions for our simulations tend to the upper growth potential or even beyond of the regarded species in the yield tables. The comparison with the mean periodic volume growth between the German national forest inventory (NFI) in 1987 (BWI 2 2005 shows that the simulation results represent a good average of the actual current growth situation (Table 6 ). From this NFI-volume growth, Pretzsch (2009) estimated annual NPP values of 14.6 t ha -1 year -1 for spruce, 9.3 t ha -1 year -1 for pine, 15.8 t ha -1 year -1 for beech and 11.5 t ha -1 year -1 for oak by means of simplified general biomass expansion factors. Particularly, for spruce and beech, the average values of Pretzsch (2009) are within the range of our simulated values with 12.2-18.8 t ha -1 year -1 , respectively, 10.3-17.2 t ha -1 year -1 . For pine with 4.3-7.9 t ha -1 year -1 and oak with 5.7-11.0 t ha -1 year -1 , our values are smaller than the average values for Germany. The reason lies in different volume growth-to-NPP conversion factors (NPP/dV gross ratios): in Pretzsch (2009) , the factors between the species differ effectively only in the specific wood density, while the SILVA biomass module employs also differences in the turnover of tree organs. Since leaves and fine roots (which are scaled relative to leaf turnover) are principally responsible for the turnover, the low turnover rates of oak and pine ultimately can be lead back to a relatively low leaf biomass (compared with spruce and beech). Due to the magnitude and variability of the turnover, constant expansion factors for the turnover should only be used for rough approximations of the NPP.
Applying a conversion factor of 2 from carbon to biomass dry weight, Mund et al. (2002) found an NPP range of 12.2-26.7 t ha -1 year -1 for spruce stands in Southern Germany. If we just look at the stand ages from 16 to 72 years which is close to our 25-to 65-year-old spruce stand, the annual NPP Mund et al. (2002) calculated is 18.7 t ha -1 year -1 (average of stand age 16, 35, 43 and 72 years), which is in the upper range of our values. Bergh et al. (2003) simulated NPP for spruce, pine and beech in different Nordic countries. Under present climate conditions Bergh et al. (2003) estimated the NPP of beech for a Danish site (initial height 13.4 m, 800 stems ha− 1 ) with 6.7 t ha -1 year -1 , which is clearly lower than our simulation results. If, however, the site conditions are taken into account, which are much better for our beech stands in North Rhine-Westphalia, the differences are explainable.
On the other hand, Bergh et al. (2003) calculated the NPP of a pine stand in Norway with 12.4 t ha -1 year -1 , a value that is not only higher than the results of our simulations but also higher than the values Pretzsch (2009) estimated for Germany.
Our analysis revealed that, in general, thinning intensity showed the major effect on the productivity measures for the chosen scenarios, especially net volume and biomass growth which do not consider removed trees. Gross volume growth and NPP of spruce, beech and oak-which in the case of NPP include the turnover of individuals and organs-are less influenced by thinning. The reduced stand growth through the loss of individuals can in most cases be compensated and is modelled by the classical optimum relationship between density and growth (Assmann, 1961) . Positive thinning effects can only be realized to a certain point and result in an acceleration of the physiological age and, thus, in a limited response to spacing (Mitscherlich, 1948; Pretzsch, 2009) . On individual tree level, analyses of growing space efficiency underline the results on stand level (Utschig, 2002; Pretzsch and Schütze, 2005 ).
Yet, while the effect of site conditions and thinning on volume growth is comparably well documented, its influence on biomass allocation patterns is much harder to analyse. Due to the modular growth of trees (Niklas, 1994) , the allometric estimation of bark, branch, leaf and root biomass on the basis of stem and crown dimensions is probably not constant, but changes according to the functional needs of the plant. A well-known example is the increase in the root-shoot ratio under limited water supply (Reich, 2002; Shipley and Meziane, 2002; Rötzer et al., 2009) . For above-ground biomass allometric relations, Repola et al. (2007) showed that the inclusion of functional parameters like the crown length makes the biomass estimation sensitive to stand density and thinning, and significantly improves the estimation accuracy compared with simply height-diameter-based equations. However, the inclusion of functional relationships is seldom unambiguous. For example, the different leaf life times of evergreen and deciduous species exert a coercive difference in the relation between leaves and fine roots. According to the functional balance theory (Mäkelä, 1990) , one might assume that the fine root biomass of needle-and broadleaves must scale equally to leaf biomass in order to ensure a balanced water supply. The implementation (e.g. De Wit et al., 2006) leads to strong differences in the fine root litter between needle-and broadleaves which is further amplified through the generally higher leaf biomass of needle leaves. A literature survey, however, suggests that a functional balance exists rather between the leaf and fine root turnover (cf. Methods).
Conclusions
The individual-tree forest growth simulator SILVA has been expanded with a biomass module that employs static allometric biomass expansion functions. The allometric functions have been parameterized from a large basis of individual tree harvests from different sites and social positions. The module produces plausible results that lie within the frame of literature data, but is limited with respect to functionally flexible allocation patterns.
SILVA's biomass module bridges a gap between forest and ecology productivity measures and delivers boundary values and conversion factors between volume and biomass measures-a crucial link for the research and practice of forest volume, biomass and carbon inventoring (FAO, 2001; IPCC, 2006) . It allows SILVA to address not only up-to-date sustainability issues such as carbon sequestration but also nutrient balances when average nutrient concentrations within the tree organs are known (e.g. Jacobsen et al., 2003) . When combined with soil models and wood utilization models, it is even possible to predict region or nation-wide carbon sequestration scenarios as was done in the CSWH project (see www.worldforestry.cswh.de). This way, the maximizing of the carbon sequestration in forests and in woody products can be analysed in regard to environmental changes and management options (Köhl et al., 2009) .
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